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Sensory experience drives robust plasticity of
sensorymaps in cerebral cortex, but the role of inhib-
itory circuits in this process is not fully understood.
We show that classical deprivation-induced whisker
map plasticity in layer 2/3 (L2/3) of rat somatosen-
sory (S1) cortex involves robust weakening of
L4-L2/3 feedforward inhibition. This weakening was
caused by reduced L4 excitation onto L2/3 fast-
spiking (FS) interneurons, which mediate sensitive
feedforward inhibition and was partially offset by
strengthening of unitary FS to L2/3 pyramidal cell
synapses. Weakening of feedforward inhibition
paralleled the known weakening of feedforward
excitation. As a result, mean excitation-inhibition
balance and timing onto L2/3 pyramidal cells were
preserved. Thus, reduced feedforward inhibition is
a covert compensatory process that can maintain
excitatory-inhibitory balance during classical depri-
vation-induced Hebbian map plasticity.
INTRODUCTION
Sensory experience shapes cortical sensory representations
and perception. In classical sensory map plasticity, deprived
sensory inputs weaken and shrink within maps, whereas
spared or overused inputs strengthen and expand (Feldman
and Brecht, 2005). This process involves multiple sites of
plasticity in excitatory circuits, but how experience regulates
inhibitory circuits is less clear and may be more varied. In
some cases, deprivation potentiates inhibition, which may sup-
press responses to deprived sensory inputs (Maffei et al.,
2006). In other cases, deprivation weakens inhibition, which
may homeostatically restore sensory responsiveness (Jiao
et al., 2006; Maffei et al., 2004). A key factor is how deprivation
affects excitation-inhibition balance, which is a major regulator
of sensory tuning and information processing (Pouille et al.,
2009; Wehr and Zador, 2003; Wilent and Contreras, 2005).
Previous studies showed that deprivation can increase or
decrease excitation-inhibition balance (Maffei et al., 2004,
2006, 2010; Maffei and Turrigiano, 2008). However, it may be
essential to have amode of cortical map plasticity that preservesnormal excitation-inhibition balance, so that sensory processing
is unimpaired in the reorganized map.
We studied how experience regulates feedforward inhibitory
circuits and excitation-inhibition balance during whisker map
plasticity in layer 2/3 (L2/3) of rodent somatosensory (S1 or
barrel) cortex. L2/3 is the primary site of plasticity in postneonatal
animals (Fox, 2002). Rats have five rows of whiskers, labeled
A–E, which are active tactile detectors. The whiskers are repre-
sented in S1 by an isomorphic map of cortical columns, each
centered on a cell cluster in layer 4 (L4), called a barrel. L4 excit-
atory cells in each barrel receive thalamocortical whisker input
and make a strong feedforward projection to L2/3 pyramidal
cells and inhibitory interneurons in the same column (Feldmeyer
et al., 2002; Helmstaedter et al., 2008). Neurons in each column
respond most strongly to deflection of the corresponding
whisker, resulting in a whisker-receptive field map across S1.
Plucking or trimming a subset of whiskers in juvenile animals
causes whisker map plasticity, in which spiking responses to
deprived whiskers are rapidly depressed in L2/3 of deprived
columns, whereas responses in L4 remain relatively unaffected
(Drew and Feldman, 2009; Feldman and Brecht, 2005; Stern
et al., 2001). Such response depression is a common early
component of classical Hebbian map plasticity in sensory cortex
(Feldman, 2009).
Whisker response depression in L2/3 is mediated by several
known changes in excitatory circuits, including long-term
depression (LTD) of excitatory L4 synapses onto L2/3 pyramidal
cells (Allen et al., 2003; Bender et al., 2006; Shepherd et al.,
2003), reduced local recurrent connectivity in L2/3 (Cheetham
et al., 2007), and reorganization of L2/3 horizontal projections
and projections from L4 interbarrel septa (Broser et al., 2008;
Shepherd et al., 2003). However, whether plasticity also occurs
within L2/3 inhibitory circuits and how it contributes to the
expression of whisker map plasticity remain unknown. We
focused on a specific circuit component, feedforward inhibition,
because it powerfully sharpens receptive fields, sets response
gain and dynamic range, and enforces spike-timing precision
(Bruno and Simons, 2002; Carvalho and Buonomano, 2009;
Gabernet et al., 2005; Miller et al., 2001; Pouille et al., 2009;
Pouille and Scanziani, 2001; Swadlow, 2002), suggesting that
changes in feedforward inhibition or its balance with excitation
may contribute importantly to expression of sensory map
plasticity.
We found that the most sensitive L4-L2/3 feedforward inhibi-
tion is mediated by L2/3 fast-spiking (FS) interneurons. WhiskerNeuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc. 819
Figure 1. Measurement of L4-Evoked Feedforward Inhibition in L2/3
Pyramidal Cells
(A) Experimental design for recording L4-evoked excitatory and inhibitory
responses.
(B) Top: example L4-evoked EPSP-IPSP sequence (scale bar represents 2mV,
50 ms). Bottom: L4-evoked IPSC at 0mV before and after NBQX, which blocks
polysynaptic inhibition (scale bar represents 50 pA, 20 ms).
(C) Mean input-output curves showing recruitment of IPSCs and EPSCs with
increasing L4 stimulation intensity. Mono- and polysynaptic inhibition were
separated using NBQX. Top: fraction of inhibition that was polysynaptic at
each stimulation intensity.
In this and all figures, data represent mean ± SEM unless otherwise noted.
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Balanced Regulation of Inhibition and Excitationdeprivation weakened L4 excitatory drive onto L2/3 FS cells,
which was partly offset by strengthening of unitary FS to pyra-
midal cell inhibition. Overall, deprivation strongly reduced net
feedforward inhibition. This reduction in feedforward inhibition
occurred in parallel with the known reduction in feedforward
excitation onto L2/3 pyramidal cells (Allen et al., 2003; Bender
et al., 2006; Shepherd et al., 2003), so that the ratio and timing
of feedforward excitatory to inhibitory conductance in individual
pyramidal cells was maintained. Thus, feedforward inhibition is
plastic, and weakening of feedforward inhibition constitutes
a compensatory mechanism that can maintain excitation-inhibi-
tion balance during deprivation-induced Hebbian map plasticity.
RESULTS
We induced whisker map plasticity by plucking the right-side
D-row whiskers for 6–12 days, starting at postnatal day (P) 12,
which is a robust early critical period for L2/3mapplasticity (Stern
et al., 2001). This deprivation paradigmweakenswhisker-evoked
spiking responses in L2/3, but not L4, of deprived columns, indi-
cating a locus for plasticity in L4-L2/3 or L2/3 circuits (Drew and
Feldman, 2009). To determine whether feedforward inhibition
was altered by deprivation, we prepared ‘‘across-row’’ S1 slices
in which A–E-row whisker columns can be unambiguously
identified (Finnerty et al., 1999). We compared synaptic and
cellular properties of inhibitory circuits in D whisker columns
from deprived animals versus sham-deprived littermates, except
in conductance experiments (see below) in which we compared
deprived D versus spared B whisker columns in slices from
deprived animals. Spared columns are appropriate controls
becausewhisker responses and single-cell physiological proper-
ties in spared columns are unaffected byD-rowdeprivation (Allen
et al., 2003; Drew and Feldman, 2009).
L4-L2/3 Feedforward Inhibition Is Mediated
by L2/3 FS Interneurons
To measure L4-L2/3 feedforward inhibition, we stimulated L4
extracellularly at low intensity and made whole-cell recordings
from cocolumnar L2/3 pyramidal cells, with 50 mM D-APV in
the bath to reduce polysynaptic excitation. In current clamp,
L4 stimulation evoked excitatory postsynaptic potential-inhibi-
tory postsynaptic potential (EPSP-IPSP) sequences in L2/3
pyramidal cells (Figure 1B, top). In voltage clamp, L4-evoked
inhibitory currents (Cs+ gluconate internal containing 5 mM
BAPTA; 0mV holding potential) were essentially abolished by
10 mM NBQX, indicating that inhibition was largely polysynaptic
(Figure 1B, bottom). We characterized the recruitment of
feedforward inhibition by measuring L4-evoked excitation and
inhibition in single pyramidal cells at increasing L4 stimulation
intensities above excitatory-response threshold, defined as the
intensity required to evoke an excitatory postsynaptic current
(EPSC) with no failures (EPSCs measured at 68mV; inhibitory
postsynaptic currents [IPSCs] measured at 0mV). At each
stimulation intensity, mono- and polysynaptic inhibition were
separated using NBQX (see Experimental Procedures). Polysyn-
aptic inhibition was first detectable at 1.23 excitatory-response
threshold, and 97% ± 2% of inhibition was polysynaptic at this
intensity (n = 10 cells) (Figure 1C).820 Neuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc.To determine whether L4-evoked inhibition was feedforward
(as opposed to feedback), we made cell-attached recordings
(using K+ gluconate internal) from L2/3 pyramidal cells and
from L2/3 inhibitory interneurons, which provide 80% of inhib-
itory input onto L2/3 pyramids (Dantzker and Callaway, 2000).
We measured spike probability in response to increasing L4
stimulation intensity (measured relative to excitatory-response
threshold for a cocolumnar pyramidal cell) and then broke in to
establish whole-cell recording and to classify each cell as a
putative pyramidal (PYR) cell, fast-spiking (FS) interneuron, or
regular-spiking nonpyramidal (RSNP) interneuron by electro-
physiological criteria (see Supplemental Experimental Proce-
dures and Figure S1 available online). Biocytin reconstruction
showed that FS interneurons were primarily basket cells,
whereas RSNP cells were bipolar, bitufted, and basket cells,
and all PYR cells had dense dendritic spines characteristic of
excitatory cells (Figure 2A).
Figure 2. FS Cells Mediate L4-Evoked
Feedforward Inhibition in L2/3
(A) Example biocytin reconstructions of physio-
logically identified FS basket, RSNP, and PYR
cells. Axons are green and dendrites are black
(scale bar represents 200 mm). Inset: spiny
dendrites of putative PYR cell. Bottom: spike
patterns from each cell (scale bar represents
40mV, 200 ms).
(B) L4-evoked firing probability of FS cells, RSNP
cells, and PYR cells.
(C) Threshold L4 stimulation intensity to
evokeR1 spike/stimulus in each cell.
Horizontal bars show median. See also Figure S1.
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to low-intensity L4 stimulation than PYR or RSNP cells (Fig-
ure 2B). The median stimulation intensity required to reliably
evoke R1 spike was 2.5, 5.0, and 5.5 3 excitatory-response
threshold for FS, RSNP, and PYR cell types, respectively (Fig-
ure 2C; n = 10, n = 19, and n = 22 cells each). This is consistent
with the strong excitation that L2/3 FS cells receive from L4
excitatory cells (Helmstaedter et al., 2008). Because L2/3 PYR
cells did not spike at low-stimulation intensity (<2 3 threshold),
L4-evoked inhibition at low-stimulus intensity must be feed-
forward rather than feedback inhibition. Additional experiments
using 2-photon calcium imaging from large populations of
L2/3 pyramidal cells confirmed that L4 stimulation at <2 3
threshold evoked spikes in only 1/110 L2/3 PYR neurons (J.E.
and D.E.F., unpublished data). This confirms that low-intensity
L4 stimulation selectively evokes feedforward inhibition and
excitation onto L2/3 pyramidal cells. Because L4 stimulation
primarily activates FS cells among L2/3 interneurons, the most
sensitive feedforward inhibition is likely to be mediated by
L2/3 FS neurons.Neuron 72, 819–831, DDeprivation Depresses L4-Evoked
Excitation onto FS Cells
To determine how deprivation affects
L4-L2/3 feedforward inhibition, we first
assayed L4-evoked excitation onto L2/3
FS cells. L4-evoked EPSPs were re-
corded in current clamp from L2/3 FS,
RSNP, and PYR neurons in D columns
of D-row-deprived rats or whisker-
intact, sham-deprived littermates. Focal
bicuculline was used to block inhibition
and high-divalent Ringer’s (4 mM Ca2+,
4 mM Mg2+) was used to reduce
polysynaptic activity and isolate mono-
synaptic EPSPs (Allen et al., 2003) (Fig-
ure 3A). For each cell, we constructed
an input-output curve for EPSP ampli-
tude and initial slope in response to
L4 stimulation at 1.0–1.8 3 excitatory-
response threshold measured for a coco-
lumnar pyramidal cell. EPSPs were
measured at 70mV in PYR cells and
at 60mV in FS and RSNP cells (to mimic normal Vrest;
Figure S1F).
Deprivation substantially reduced input-output curves for L2/3
FS cells (by 50%) in deprived relative to sham-deprived
columns (n = 9 cells each; amplitude: p < 0.0001; slope: p <
0.001; 2-way analysis of variance [ANOVA]; Figures 3B1 and
3B2). These changes occurred despite identical stimulation
intensity in deprived versus sham-deprived columns (3.4 ±
0.2 mA and 3.4 ± 0.2 mA at excitatory-response threshold;
p = 0.80; t test). For PYR cells, deprivation also reduced input-
output curves for EPSP amplitude and slope relative to sham-
deprived columns (n = 26 and n = 25 cells each; amplitude:
p < 0.002; slope: p < 0.04; Figure 3C). This is consistent with
knownweakening of L4-L2/3 excitatory synapses onto PYR cells
(Allen et al., 2003; Bender et al., 2006; Shepherd et al., 2003). For
RSNP cells, input-output curves were inconsistently affected,
with EPSP amplitude being unchanged in deprived versus
sham-deprived columns (n = 12 and n = 9 cells each) but with
EPSP slope showing a trend toward decrease (amplitude:
p = 0.54; slope: p = 0.05) (Figure 3D).ecember 8, 2011 ª2011 Elsevier Inc. 821
Figure 3. Deprivation Weakens L4 to L2/3 Excita-
tion onto FS and Pyramidal Cells
(A) Experimental design for recording L4 excitation onto
L2/3 FS, RSNP, and PYR cells. Bicuculline methiodide
(BMI) was applied focally.
(B1) L4-evoked EPSPs in two representative FS cells
(stimulation intensities: 1.0, 1.2, 1.4, and 1.63 excitatory-
response threshold for a cocolumnar PYR cell). Scale bar
represents 1mV, 20 ms.
(B2) Mean input-output curves for L4-evoked EPSPs onto
L2/3 FS cells. Significance between deprived and spared
columns is shown (ANOVA).
(C and D) Mean input-output curves for EPSP amplitude
and slope for L2/3 PYR cells (C) and RSNP cells (D).
Histogram bars show mean ± SEM.
Neuron
Balanced Regulation of Inhibition and ExcitationWeakening of L4-evoked excitation onto FS cells was con-
firmed by dual recordings from neighboring PYR and FS cells
in the same cortical column (Figure 4A). PYR and FS cells
(mean 90 mm, max 170 mm apart) were recorded simultaneously
or sequentially, and an input-output curve for EPSPs onto each
cell was measured using identical L4 stimulation. In sham-822 Neuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc.deprived D columns, L4-evoked EPSPs in L2/3
FS cells were reliably larger than EPSPs in
cocolumnar PYR cells (Figure 4B; shown for
1.4 3 threshold), as expected for strong, highly
sensitive feedforward inhibition (Bruno and
Simons, 2002; Helmstaedter et al., 2008; Hull
et al., 2009; Swadlow, 2002). However, in
deprived D columns, EPSP slope and amplitude
were equal or smaller in FS cells compared to
cocolumnar pyramidal cells (Figure 4B; 1.4 3
threshold). Across stimulation intensities, FS
cells in sham-deprived columns consistently
received stronger EPSPs than cocolumnar
PYR cells, whereas FS cells in deprived
columns received weaker or equal EPSPs than
cocolumnar PYR cells (Figure 4C) (n = 9 each;
amplitude: p < 0.001; 2-way ANOVA; slope:
p < 0.0001).
These findings demonstrate that deprivation
weakens L4 excitation onto L2/3 FS cells even
more substantially than the previously known
weakening of L4 excitation onto L2/3 PYR cells
(Allen et al., 2003; Bender et al., 2006; Shepherd
et al., 2003). This suggests that deprivation
reduces the recruitment of L2/3 feedforward
inhibition onto L2/3 pyramidal cells.
Deprivation Does Not Change the
Intrinsic Excitability of FS Cells
To test whether deprivation altered FS excit-
ability, we first measured passive membrane
properties and intrinsic spiking of L2/3 FS cells
in D columns of deprived rats and sham-
deprived littermates. In whole-cell recordings,
resting membrane potential (Vm), input resis-
tance (Rin), membrane time constant (t), andspike threshold were identical in deprived versus sham-deprived
columns, as was spiking rate in response to 500 ms somatic
current injection (n = 21 sham, n = 20 deprived) (Figures 5A
and 5B).
To assess synaptically driven excitability, we measured
the magnitude of L4 excitatory synaptic input required to
Figure 4. Deprivation Weakens Excitation
onto FS Cells More Than onto PYR Cells
(A) Experimental design.
(B) Comparison of L4-evoked EPSPs onto coco-
lumnar FS and PYR cells (measured at 1.4 3
excitatory-response threshold). Each symbol is
one FS-PYR cell pair. Squares showmean ± SEM.
Diagonals show equality.
(C) Relative excitation onto FS versus PYR cells,
quantified as (FS EPSP/(FS EPSP + mean pyra-
midal EPSP)), for each L4 stimulation intensity.
Left: quantification for EPSP amplitude. Right:
quantification for EPSP slope. Dashed line indi-
cates equal EPSPs onto FS and PYR cells. When
more than one PYR cell was recorded in a single
column, the mean EPSP value was used.
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Balanced Regulation of Inhibition and Excitationdrive spikes in L2/3 FS cells. Recording in cell-attached mode
(K+ gluconate internal; 50 mM APV in bath), we first determined
the L4 stimulation intensity required to elicit 50% (range: 40%–
60%) spiking probability (Figure 5C). Then, we broke in and
measured in voltage clamp the L4-evoked excitatory conduc-
tance at this stimulation intensity, termed threshold Ge (see
Experimental Procedures). Threshold Ge represents the magni-
tude of excitation required to elicit 50% spike probability. Depri-
vation did not alter integrated threshold Ge (calculated from
response onset to each cell’s mean spike latency) or peak, indi-
cating that the amount of excitatory drive necessary to elicitFigure
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Neuron 72, 819–831,a spike from Vrest was unaltered (n = 8
sham, n= 6 deprived) (Figure 5D and Fig-
ure S2). Together, these results indicate
that FS cell intrinsic excitability is essen-
tially unaltered after deprivation.
However, deprivation did increase onset
latency of threshold Ge onto L2/3 FS cells(sham deprived: 3.3 ± 0.3 ms; deprived: 4.4 ± 0.2 ms; p < 0.05),
with a corresponding increase in evoked spike latency (7.8 ±
0.5 ms versus 11.1 ± 1.4 ms; p < 0.05) (Figure S2).
Potentiation of FS Cell Unitary Amplitude by Deprivation
In L4 of visual cortex, sensory deprivation has been reported to
enhance inhibition by potentiation of inhibitory FS/PYR
synapses (Maffei et al., 2006). To test whether L2/3 FS/PYR
synapses are also altered by whisker deprivation, we measured
connectivity rate and synapse properties for unitary inhibitory
connections from L2/3 FS cells to PYR cells (L2/3 FS/PYR5. Intrinsic and Synaptically Driven Excit-
of FS Cells Are Unaltered by Deprivation
ent-firing rate relationship for FS cells for 500 ms
injection. Rheobase is the current required to elicit
spike. Scale bar represents 40mV, 200 ms.
sic properties of FS cells in deprived versus sham-
d D columns. Tau is the membrane time constant.
: experimental design to measure the L4-evoked
ry conductance required to elicit 50% spike
ility in an FS cell. Right: consecutive sweeps
g L4-evoked spikes recorded in cell-attached
rom an FS cell at 50% spike probability. Scale bar
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k and integrated Ge at 50% spike probability
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for cells from deprived versus sham-deprived rats.
o Figure S2.
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Figure 6. Deprivation Potentiates L2/3 FS/PYR Unitary IPSPs
(A) Experimental design with example pre- and postsynaptic spike patterns.
Scale bar represents 50mV, 200 ms.
(B) Consecutive single-sweep uIPSPs from a deprived and a sham-deprived
L2/3 FS/PYR pair. Bold: average uIPSP. Scale bar represents 2.5mV,
100 ms.
(C andD)Mean uIPSP amplitude and slope for each connected pair. Horizontal
bars show mean ± SEM; **p < 0.01.
(E) Responses to trains of five FS spikes (50 ms interval). Top: average uIPSP
train for 20 deprived FS/PYR pairs and 19 sham-deprived pairs. Bottom left:
mean DVm for each uIPSP in the train. Scale bar represents 1mV, 50ms. Right:
amplitude of each uIPSP normalized to first uIPSP amplitude, showing no
difference in short-term plasticity between deprived and sham-deprived pairs.
(F) Left: mean single-spike uIPSP for all cells in deprived and sham-deprived
columns, peak normalized to show IPSP decay kinetics. Right: mean response
to five-spike train, normalized to the first uIPSP peak (same scale bar as in E).
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(Figure 6A). Cells were patched with a low chloride internal
(ECl = 88mV) to increase the size of hyperpolarizing unitary
IPSPs (uIPSPs) (Figure 6B). FS spikes were elicited by current
injection, and connected FS/PYR pairs were identified by a
statistically significant uIPSP amplitude compared to a prespike
baseline period (20–40 sweeps; post-PYR cell Vm = 50mV;
paired sign rank test; p < 0.05).
The L2/3 FS/PYR connection rate was greater in deprived
columns (22/28 pairs connected, 78.6% connection rate
[95% confidence interval 61%–93%]) versus sham-deprived
columns (21/45 pairs connected, 46.7% [31%–60%]; p < 0.01;
rank-sum test). Intersoma distance was identical for these
connected pairs (deprived: 57 ± 5 mm; sham deprived: 56 ±
3 mm). FS/PYR uIPSP amplitude for connected pairs was
also greater in deprived (1.59 ± 0.23mV; n = 21 pairs, measured
at Vm = 50mV) than in sham-deprived columns (0.69 ±
0.12mV; n = 20; p < 0.01; t test; one pair in each condition ex-
cluded because of low Rin). uIPSP slope was similarly increased
(deprived: 0.27 ± 0.05mV/ms; sham deprived: 0.12 ±
0.02mV/ms; p < 0.01) (Figures 6B–6D). This increase in uIPSP
synapse strength and connection rate was associated with
a decrease in failure rate (deprived: 16.3% [8%–30%]; sham
deprived: 36.8% [22%–52%]; p < 0.04; rank-sum test) and coef-
ficient of variation (deprived: 0.27 [0.22–0.37]; sham deprived:
0.40 [0.30–0.69]; p < 0.05; rank-sum test). Deprivation did not
alter short-term plasticity during trains of five presynaptic
spikes (50ms isi) or uIPSP kinetics (Figures 6E and 6F). Together,
these results suggest that deprivation strengthens uIPSPs by
increasing the number of synapses or release sites.
Deprivation Reduces L4-Evoked Feedforward Inhibition
onto L2/3 Pyramidal Cells
If deprivation weakens L4 excitation onto L2/3 FS neurons but
increases FS/PYR unitary synapse strength, what is the overall
net effect of deprivation on feedforward inhibition? To address
this, we measured net L4-evoked feedforward inhibition and
excitation onto single L2/3 pyramidal cells in voltage clamp
(Cs+ gluconate internal with 5 mM BAPTA, 50 mM APV in bath
to reduce polysynaptic excitation). L4 stimulation intensity was
standardized at 1.2 3 excitatory-response threshold in order
to study the initial recruitment of feedforward inhibition (Fig-
ure 1C). We measured currents at multiple holding potentials
and calculated L4-evoked excitatory and inhibitory conductance
(Ge and Gi) using standard estimation techniques (Wehr and
Zador, 2003). Most cells showed a small, rapid Ge waveform
simultaneous with, or followed by, a larger Gi waveform (Figures
7A and 7B).
Calibration experiments showed that conductance estimation
was reasonably accurate for L4-evoked input to L2/3 PYR cells,
which occurs at proximal synapses (FS-mediated inhibition at
the soma, excitation on proximal basal dendrites an average of
62 mm from the soma; Lu¨bke et al., 2003). L4-evoked synaptic
currents showed a linear I-V relationship at holding potentials
%0mV (Figures S3A and S3B) even without QX-314 to block
sodium channels (Figure S3C). This suggests adequate voltage
clamp. We tested the accuracy of conductance estimation using
a multicompartment NEURON Version 7.1 model of a passive824 Neuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc.L2/3 PYR cell (Traub et al., 2003), with resting conductance,
membrane capacitance, and Rseries calibrated to match L2/3
PYR cells in our slice experiments (P18–24; 23C; APV to block
Figure 7. Whisker Deprivation Reduces L4-Evoked Excitation and Inhibition onto L2/3 Pyramidal Cells
(A) Experimental design.
(B) Examples Ge and Gi measured in two L2/3 pyramidal cells. Scale bar represents 1 nS, 10 ms.
(C and D) Average Ge and Gi waveforms for neurons in spared versus deprived columns. 1 ms bins. Shading shows SEM.
(E) Peak (left) and integrated (right) Ge and Gi in spared versus deprived columns; *p < 0.05.
(F) Cumulative distribution of peak data from (E). See also Figures S3 and S4.
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Balanced Regulation of Inhibition and ExcitationNMDA receptors) (Figure S4). Inhibitory and excitatory synaptic
conductances were placed at the soma and 62 mm along a basal
dendrite (5:1 amplitude ratio, with inhibition at a 2 ms delay). We
simulated somatic voltage-clamp measurements at different
holding potentials and estimated Ge and Gi using the conduc-
tance estimation method. For realistic size conductances
(1 nS Ge and 5 nS Gi), the method recovered 47% and 71% of
peak Ge and Gi, respectively, and 87% and 97% of integrated
Ge and Gi, respectively. Accuracy dropped modestly with
synapse distance from soma (Figure S4B). Thus, despite
space-clamp and voltage-escape errors for large pyramidal cells
(Poleg-Polsky and Diamond, 2011; Williams and Mitchell, 2008),
voltage-clamp-based conductance estimation is reasonable for
proximal excitatory and inhibitory inputs onto moderate-sized
L2/3 pyramidal cells under in vitro conditions, particularly for
integrated conductance.
We compared Gi and Ge between deprived D columns and
spared B columns in slices from whisker-deprived rats, using
L4 stimulation at 1.2 3 threshold (Figures 7C–7F). Results
showed that peak Gi and integrated Gi (first 20 ms) were
reduced substantially in deprived columns relative to spared
columns (peak: 2.56 ± 0.47 nS versus 5.98 ± 1.56 nS, n =
37 each, p < 0.05; integrated: 33.27 ± 6.0 nS 3 ms versus
77.04 ± 19.4 nS 3 ms, p < 0.05, unpaired t test). Thus, depriva-
tion reduces overall feedforward inhibition onto pyramidal
cells. Peak Ge was also lower in deprived columns (deprived:0.99 ± 0.11 nS, n = 37 cells; spared: 1.51 ± 0.23 nS, n = 37 cells;
p < 0.05), and integrated Ge showed similar but nonsignificant
weakening (deprived: 7.32 ± 0.9 nS 3 ms; spared: 9.67 ±
1.3 nS 3 ms; p = 0.13). EPSC paired-pulse ratio was also
increased (deprived: 1.29 ± 0.07; spared: 1.09 ± 0.06; p < 0.05,
40 ms interval, measured at ECl = 68mV). These findings are
consistent with the known presynaptic weakening of L4 excit-
atory synapses onto L2/3 pyramidal cells (Allen et al., 2003;
Bender et al., 2006). These changes in Gi and Ge were not due
to differences in L4 stimulation intensity in deprived versus
spared columns (7.2 ± 0.8 mA and 8.1 ± 0.9 mA excitatory-
response threshold, respectively; p = 0.47) and are unlikely to
reflect differential space-clamp errors because passive and
active electrical properties are unaltered by deprivation (Allen
et al., 2003). Peak Ge and Gi were identical between spared
columns in deprived rats and control D columns in whisker-intact
rats (peak Ge: 1.31 ± 0.15 nS; peak Gi: 5.53 ± 1.67 nS; n = 15),
confirming that spared columns are unaffected by this depriva-
tion protocol (Allen et al., 2003; Drew and Feldman, 2009).
Thus, deprivation reduced L4-evoked feedforward inhibition
and feedforward excitation onto L2/3 pyramidal cells.
Deprivation Weakens Feedforward Inhibition
and Excitation in Parallel
The ratio of excitation to inhibition onto single neurons criti-
cally shapes input-output gain, dynamic range, receptive fieldNeuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc. 825
Figure 8. Deprivation Preserves the Balance and Relative Timing of
Excitation and Inhibition
(A) Ge fraction is broadly distributed and not altered by deprivation.
(B) Mean ± SEM and median ± 95% confidence intervals for Ge fraction
calculated from peak or from integrated Ge and Gi.
(C) Cumulative distribution of Ge fraction based on integrated conductance.
(D) Mean peak-normalized Ge and Gi recorded in spared-B versus deprived-D
columns. Vertical bars show mean ± 95% confidence intervals for Ge and Gi
onset latency, latency to 50% of peak, and peak latency. *p < 0.05, rank-sum
test.
(E) Ge fractional conductance over the first 15 ms from Ge start. See also
Table S1 and Figure S5.
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2009; Miller et al., 2001; Pouille et al., 2009; Pouille and Scan-
ziani, 2001). We quantified the relative magnitude of Ge versus
Gi in single cells as Ge / (Ge + Gi), termed Ge fraction. Ge fraction
was broadly distributed (Figure 8A), reflecting only a weak corre-
lation between Ge and Gi in individual cells (r
2 = 0.438 for 37
spared and 37 deprived cells, but r2 = 0.059 [p = 0.04] if two cells
with largest Ge and Gi are excluded). Deprivation reduced mean
Ge without altering the distribution, mean, or median Ge fraction
(Figures 8B and 8C). This was true whether Ge fraction was
calculated either from peak Ge and Gi (deprived: 0.45 ± 0.05;
spared: 0.43 ± 0.05; mean ± SEM; p = 0.78) or from integrated
Ge and Gi (deprived: 0.37 ± 0.05; spared: 0.35 ± 0.05; p =
0.76). Thus, whisker deprivation drives a strong, coordinated
decrease of excitation and inhibition onto L2/3 pyramidal cells,826 Neuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc.in which the relative magnitude of excitation versus inhibition
remains constant across the L2/3 neuron population.
Deprivation Delays Synaptic Responses but Preserves
Excitatory-Inhibitory Timing
To test whether deprivation altered the relative timing of excita-
tion and inhibition, which provides a critical temporal filter for
postsynaptic integration and spiking (Gabernet et al., 2005;
Pouille and Scanziani, 2001; Wilent and Contreras, 2005), we
measured latencies to onset, 50% peak conductance, and
peak conductance for L4-evoked Ge and Gi in each neuron.
Deprivation delayed Ge and Gi onset by 0.7 and 1.1 ms, respec-
tively, and delayedGe andGi peaks by 1.1 and 1.5ms (Figure 8D;
Table S1). Within single cells, deprivation did not significantly
affect the relative latency from Ge onset to Gi onset (p = 0.10).
The temporal evolution of Ge fractional conductance was also
unchanged by deprivation (Figure 8E). Thus, deprivation delayed
both excitation and inhibition to L2/3 pyramids but generally
preserved the relative timing of these signals. The overall delay
in synaptic input may explain the increased spike latency in
L2/3 neurons after D-row deprivation in vivo (Drew and Feldman,
2009). The delay in L4-evoked inhibition may be attributable to
delayed spiking in L2/3 FS cells (Figures S2C and S2D).
Functional Effect of Parallel Inhibitory and Excitatory
Weakening
Reduction of excitation is expected to decrease L4-evoked
synaptic potentials in L2/3 pyramids, whereas reduction of inhi-
bition may increase them. To test the overall functional effect of
coreduction of Ge and Gi on L4-evoked synaptic depolarization
in L2/3 pyramids, we used a single-compartment parallel
conductance model (Wehr and Zador, 2003) to predict the net
PSP produced by the Ge and Gi waveforms measured in each
pyramidal cell (Figures 7 and 8). The model calculates the PSP
produced by Ge and Gi waveforms at a specific baseline Vm,
given excitatory and inhibitory reversal potentials (Ee = 0mV;
Ei = 68mV) and standardized input resistance (214 MU) and
membrane capacitance (0.19 nF). Running the model for all cells
predicted a broad distribution of peak PSP depolarization
above baseline (DVm), reflecting the cell-to-cell heterogeneity
in measured Ge and Gi waveforms. However, the largest DVm
values were reduced in deprived columns relative to spared
columns (Figure S5). Thus, this simple model indicates that the
measured coreduction in inhibition and excitation will lead to
a net reduction in maximal feedforward activation of L2/3
pyramids.
DISCUSSION
Downregulation of neural responses to deprived sensory inputs
is a major component of map plasticity in juvenile animals (Feld-
man and Brecht, 2005), but how plasticity of inhibitory circuits
contributes to this phenomenon remains incompletely under-
stood. We assayed plasticity of feedforward inhibitory circuits
and excitation-inhibition balance in L2/3 of S1, which is themajor
site of deprivation-induced plasticity in postneonatal animals
(Fox, 2002). Prior studies focused almost exclusively on excit-
atory circuit mechanisms for L2/3 plasticity, which include
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excitation onto L2/3 pyramidal cells (Allen et al., 2003; Bender
et al., 2006; Cheetham et al., 2007; Shepherd et al., 2003). In
V1, monocular lid suture alters sensory response properties of
L2/3 inhibitory neurons, suggesting that plasticity in L2/3 also
involves changes in inhibition (Gandhi et al., 2008; Kameyama
et al., 2010; Yazaki-Sugiyama et al., 2009), but the synaptic
changes in L2/3 inhibitory circuits that mediate this effect have
not yet been identified (Maffei and Turrigiano, 2008).
Feedforward inhibition is a major circuit motif in cerebral
cortex that powerfully regulates sensory responsiveness in S1
(Gabernet et al., 2005; Miller et al., 2001; Wilent and Contreras,
2005), including sharpening receptive fields (Bruno and Simons,
2002; Foeller et al., 2005), improving spike-timing precision
necessary for coding natural whisker inputs (Gabernet et al.,
2005; Jadhav et al., 2009), and setting input-output gain and
dynamic range (Carvalho and Buonomano, 2009; Pouille et al.,
2009). Experience-dependent regulation of inhibition could
help optimize these aspects of sensory coding during L2/3
circuit development. We found that low-threshold L4-L2/3 feed-
forward inhibition is mediated by L2/3 FS interneurons, similar to
L4 of S1 and hippocampus. In these structures, FS neurons
mediate sensitive and powerful feedforward inhibition due to
intense excitation from feedforward inputs, a high connection
rate, and strong perisomatic synapses onto target pyramidal
cells (Cruikshank et al., 2007; Gabernet et al., 2005; Hull et al.,
2009). These same properties are true of FS cells in L2/3 of S1
(Figures 4 and 6) (Galarreta et al., 2008; Helmstaedter et al.,
2008; Kapfer et al., 2007), and FS cells are preferentially
recruited to spike by low-intensity L4 activation (Figure 2). FS
cells are also excited by L2/3 pyramidal cells, indicating that
they also contribute to feedback inhibition, which was not
studied here (Galarreta et al., 2008; Reyes et al., 1998).
Deprivation Weakens Feedforward Inhibition
by FS Circuits
The deprivation protocol used here, 6–12 days of D-row whisker
deprivation, drives robust Hebbian weakening of deprived
whisker responses in L2/3 in vivo (Drew and Feldman, 2009).
We found that whisker deprivation caused a substantial reduc-
tion in L4-evoked excitation onto L2/3 FS cells in deprived
cortical columns, which was partially offset by an increase in
unitary IPSPs from L2/3 FS cells to pyramidal cells. Deprivation
did not alter FS intrinsic excitability, unlike in L4 of S1 (Sun,
2009). The net effect of these cellular changes was an overall
reduction in L4-evoked feedforward inhibitory conductance in
L2/3 pyramidal cells compared to spared columns (Figure 7).
Thus, Hebbian weakening of deprived whisker responses in
L2/3 of S1 involves weakening of FS-mediated feedforward
inhibition. This is unlike what happens in L4 of V1, where visual
deprivation during the critical period also potentiates unitary
FS/principal cell inhibitory synapses, which is proposed to
suppress responses to the deprived eye (Maffei et al., 2006). In
S1, deprivation during the critical period potentiates FS/PYR
uIPSPs, but amore substantial reduction in L4 drive onto FS cells
results in a significant net decrease in feedforward inhibition.
The cellular mechanisms for these changes are not known but
could include impaired development, removal, or long-termdepression (LTD) of excitatory synapses on FS cells (Kullmann
and Lamsa, 2007; Lu et al., 2007), and synaptogenesis or
inhibitory long-term potentiation (LTP) (Holmgren and Zilberter,
2001; Knott et al., 2002; Maffei et al., 2006; Marik et al., 2010)
of GABAergic FS output synapses. These findings add to
increasing evidence that FS cells are a site of robust experi-
ence-dependent development and plasticity in vivo (Chittajallu
and Isaac, 2010; Jiao et al., 2006; Maffei et al., 2004, 2006; Ya-
zaki-Sugiyama et al., 2009).
Balanced Weakening of Inhibition and Excitation
Prior work showed that D-row deprivation reduces feedforward
and recurrent excitation into L2/3 of deprived columns (Allen
et al., 2003; Bender et al., 2006; Cheetham et al., 2007; Shepherd
et al., 2003), but whether plasticity was coordinated between
excitatory and inhibitory circuits was unknown. Because sensory
responses in cortical neurons depend strongly on the balance
and timing of convergent excitation and inhibition (Pouille
et al., 2009; Wehr and Zador, 2003; Wilent and Contreras,
2005), we simultaneously measured L4-evoked feedforward
inhibition and excitation onto single L2/3 pyramidal cells and
found that 6–12 days of D-row deprivation caused a coreduction
in excitation and inhibition in which the ratio of excitation to inhi-
bition in single cells was preserved, on average, in the popula-
tion, relative to spared columns (Figure 8). Deprivation delayed
both excitation and inhibition by 1 ms but did not alter their
relative timing. Thus, Hebbian weakening of deprived inputs in
S1 is associated with a coordinated decrease and delay in feed-
forward excitation and inhibition.
Most neurons in L2/3 of S1 respond to whisker deflection with
subthreshold depolarization, reflecting sparse spike coding in
this region (Crochet et al., 2011). To understand how coreduction
of excitation and inhibition affects L4-evoked subthreshold
responses, we used a single-compartment parallel conductance
model (Wehr and Zador, 2003) to predict the PSP produced by
the measured L4-evoked Ge and Gi waveforms measured in
each pyramidal cell. This model showed that the measured
coreduction in feedforward excitation and inhibition will produce
a net decrease in L4-evoked PSP amplitude (Figure S5). Thus,
this effect is appropriate to explain the Hebbian weakening of
L2/3 responses to deprived whiskers. Additional factors medi-
ating reduced L2/3 spiking probability in vivo may include
nonlinear amplification of PSP weakening by the spike threshold
(Foeller et al., 2005; Priebe and Ferster, 2008), reduced L2/3
recurrent excitation (Cheetham et al., 2007), or potential changes
in feedback inhibition. Whereas the reduction in feedforward
excitation is predicted to decrease PSP amplitude, the reduction
in feedforward inhibition is expected to increase PSP amplitude
and therefore represents a partial, covert compensatory mecha-
nism. This compensation is termed ‘‘covert’’ because it does not
result in increasedwhisker-evoked or spontaneous spikes in vivo
(Drew and Feldman, 2009).
How coordinated weakening of inhibition and excitation is
achieved is an important topic for future work. A simple passive
process in which L4 neurons reduce synaptic strength equally
onto FS and PYR target neurons is not supported by our data,
because L4/FS excitation must weaken disproportionately to
offset the strengthening of FS/PYR uIPSPs by deprivationNeuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc. 827
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exists to establish and maintain an appropriate average balance
and timing between excitation and inhibition in L2/3 PYR cells. A
similar active process may occur in L4 of S1, where feedforward
excitatory synapses onto both pyramidal and FS cells are also
coregulated by sensory experience during development (Chitta-
jallu and Isaac, 2010). The mechanisms for active balancing are
unclear and could involve activity-dependent regulation of excit-
atory synapse development onto FS cells (e.g., by Narp; Chang
et al., 2010) or of inhibitory synapse development onto PYR cells
(e.g., by Npas4 or BDNF; Hong et al., 2008; Jiao et al., 2011; Lin
et al., 2008), or associative plasticity at input or output synapses
of FS cells (Lu et al., 2007; Maffei et al., 2004).
Potential Roles for Reduced Inhibition during Whisker
Map Plasticity
Reduced feedforward inhibition could perform multiple roles in
Hebbian map plasticity. First, it may act as a compensatory
mechanism to increase cortical responsiveness in response to
decreased sensory drive. Consistent with this view, most
previous examples of sensory-driven plasticity of S1 inhibitory
circuits are compensatory in sign (Feldman, 2009). This includes
in L4, where whisker deprivation reduces IPSC amplitude (Jiao
et al., 2006), FS excitability (Sun, 2009), inhibitory synapse
density (Micheva and Beaulieu, 1995), and GABA-A receptor
expression (Fuchs and Salazar, 1998), whereas whisker stimula-
tion drives inhibitory synaptogenesis and increased inhibitory-
marker expression (Jasinska et al., 2010; Knott et al., 2002).
Compensation by altered inhibition is distinct from homeostatic
synaptic scaling of excitation or regulation of intrinsic excitability
in PYR cells, which have only been observed in vivo during
distinct homeostatic phases of plasticity, not during classical
Hebbian plasticity (Maffei et al., 2010; Turrigiano and Nelson,
2000). Reduced inhibition could therefore fulfill theoretical
predictions for compensatory or homeostatic plasticity that
coexists with Hebbian plasticity to stabilize cortical function
during map plasticity (Mrsic-Flogel et al., 2007; Turrigiano and
Nelson, 2004).
A second potential role for reduced inhibition may be as
a permissive gate to enable subsequent components of map
plasticity, including use-dependent increase of spared whisker
responses or recovery of responses to regrown whiskers. For
example, reduced inhibition promotes LTP (Wigstro¨m and Gus-
tafsson, 1986), which may promote later potentiation of spared
whisker responses. Deprivation-induced changes in inhibition
havebeen similarly proposed to enable later components of plas-
ticity in V1 (Gandhi et al., 2008; Yazaki-Sugiyama et al., 2009).
Perhaps most importantly, the reduction in feedforward inhibi-
tion may serve to ensure that excitation and inhibition remain
balanced during whisker map plasticity. From a sensory pro-
cessing point of view, this would be highly advantageous,
because the ratio and timing of excitation to inhibition onto single
neurons are critical for sensory information processing, including
setting receptive-field sharpness, input-output gain, dynamic
range, and spike-timing precision (Carvalho and Buonomano,
2009; Gabernet et al., 2005; Miller et al., 2001; Pouille et al.,
2009; Pouille and Scanziani, 2001). Maintenance of excitation-
inhibition balance may therefore function to maintain normal828 Neuron 72, 819–831, December 8, 2011 ª2011 Elsevier Inc.sensory processing during map plasticity. This may be particu-
larly important in S1, where processing must be maintained as
whiskers are shed and regrow throughout life. Preservation of
excitation-inhibition balance also appears important in auditory
cortex, where excitation and inhibition are transiently unbal-
anced and then rebalanced onto single neurons during develop-
ment and some forms of plasticity (Dorrn et al., 2010; Froemke
et al., 2007). However, it may be less relevant in visual cortex,
where excitation-inhibition balance is not maintained during
visual deprivation (Maffei et al., 2004, 2006; Maffei and Turri-
giano, 2008).
Conclusions
The loss of responses to deprived whiskers is accompanied by
a parallel decrease in feedforward inhibition and excitation
onto L2/3 pyramids. The covert reduction of feedforward inhibi-
tion is a previously unknown component of Hebbian map plas-
ticity in S1, and we propose that it may act to compensate for
reduced sensory drive, to maintain excitation-inhibition balance
necessary for basic feedforward sensory computation, and to
enable later stages of excitatory plasticity, including restoring
function after whisker regrowth. The maintenance of excita-
tion-inhibition balance after deprivation suggests that mecha-
nisms exist to preserve this balance, which is a critical feature
of normal cortical function, and whose dysregulation may
contribute to epilepsy, autism, and other disorders (Rubenstein
and Merzenich, 2003).
EXPERIMENTAL PROCEDURES
Experiments used Long-Evans rats. Procedures were approved by University
of California, San Diego and University of California, Berkeley Institutional
Animal Care and Use Committees and are in accordance with National Insti-
tutes of Health guidelines.
Whisker Deprivation
Starting at P12, D-row whiskers D1–D6 and gwere plucked from the right side
of the face under transient isoflurane anesthesia (3.5% in 3 L/min O2). Plucking
continued every other day until recording. Sham-plucked rats were anesthe-
tized but not plucked.
Slice Preparation
P18–24 rats were anesthetized with isoflurane, the brain was quickly removed,
and slices were cut on a vibratome (Leica VT1000S). Slices were prepared in
chilled normal Ringer’s solution (119 mM NaCl, 26.2 mM NaHCO3, 11 mM
D-(+)-glucose, 1.3 mM MgSO4, 2.5 mM KCl, 1 mM NaH2PO4, 2.5 mM CaCl2,
bubbled with 95% O2/5% CO2 [pH 7.30], and 310 mOsm), low-sodium, low-
calcium, HEPES-buffered cutting solution (250 mM sucrose, 15 mM HEPES,
11 mM D-(+)-glucose, 4 mM MgSO4, 2.5 mM KCl, 1 mM NaH2PO4, and
0.1 mM CaCl2), or low-sodium, low-calcium, bicarbonate-buffered cutting
solution (85 mM NaCl, 75 mM Sucrose, 25 mM D-(+)-glucose, 4 mM
MgSO4, 2.5 mM KCl, 1.25 mM Na2HPO4$H2O, 0.5 mM ascorbic acid,
25 mM NaHCO3, and 0.5 mM CaCl2). Cortical slices (400 mm thickness)
were cut from the left hemisphere in the ‘‘across-row plane’’ and oriented
50 toward coronal from the midsagittal plane. These slices contain one barrel
column from each whisker row (A–E) (Allen et al., 2003; Finnerty et al., 1999).
Slices were transferred to normal Ringer’s solution and incubated for 30 min
at 30C and 1–6 hr at room temperature before recording. Barrels were visu-
alized by transillumination.
Electrophysiology
Recordings were made at room temperature (22C–24C) with 3–6 MU
pipettes using Multiclamp 700A, 700B, or Axopatch 200B amplifiers
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normal Ringer’s solution except for input-output experiments that were
recorded in high divalent Ringer’s (116 mM NaCl, 26.2 mM NaHCO3, 8 mM
D-(+)-Glucose, 4 mM MgSO4, 2.5 mM KCl, 1 mM NaH2PO4, and
4 mM CaCl2). A bipolar stimulating electrode (FHC, Bowdoin, ME) was placed
in the center of a L4 barrel. L2/3 neurons in the same radial column were
selected for recording.
Current-clamp recordings were made using K gluconate internal (116 mM K
gluconate, 20 mM HEPES, 6 mM KCl, 2 mM NaCl, 0.5 mM EGTA, 4 mM
MgATP, 0.3 mMNaGTP, 5mMNa2phosphocreatine [pH 7.2], and 295mOsm).
In a subset of cells, biocytin (0.26%) replaced phosphocreatine to allow
morphological reconstruction. Input resistance (Rinput) was measured with
a 120 ms hyperpolarizing-current injection in each sweep. Series resistance
(Rseries) was compensated by bridge balance. Cells were excluded if initial
Rseries was >20 MU or if Rinput or Rseries changed by >30% during recording.
Sweeps were collected at 10 s intervals.
Voltage-clamp recordings were made using Cs gluconate internal (108 mM
D-gluconic acid, 108 mM CsOH, 20 mM HEPES, 5 mM tetraethylammonium-
Cl, 2.8 mM NaCl, 0.4 mM EGTA, 4 mMMgATP, 0.3 mM NaGTP, 5 mM BAPTA
[pH 7.2], and 295 mOsm). Rinput and Rseries were monitored in each sweep
in response to a 5mV test pulse. Rseries was not compensated. Pyramidal
cells were excluded if Vm at break in was >68mV, Rseries > 25 MU, or Rinput <
100 MU. Vm values for voltage-clamp recordings were corrected for the
measured liquid junction potential (10–12mV), whereas those for current-
clamp recordings were not. Data acquisition and analysis used custom soft-
ware in IGOR Pro (Wavemetrics, Portland, OR).
For L4 stimulation, excitatory-response threshold was defined as the L4
stimulation intensity that elicited EPSCs with no failures at ECl (68mV). To
separate monosynaptic from polysynaptic inhibition (Figure 1), we first
recorded the total L4-evoked IPSC (Cs internal with 5 mM BAPTA; Vhold =
0mV; 50 mMAPV in the bath), applied 10 mMNBQX to record themonosynaptic
IPSC, and then calculated the polsynaptic IPSC by subtraction.
For cell-attached recording of synaptically evoked spikes, neurons were
patched in voltage-clamp mode with K+ internal solution. To avoid biasing
the cell’s Vm (and therefore its excitability), holding potential (Vhold) was
adjusted so that Ihold z0 pA. Capacitative action currents were recorded in
the intact patch. After cell-attached recording, we broke in and measured
spiking patterns in current-clamp mode to classify the cell physiologically as
FS or RSNP.
Synaptic Conductance Measurement
To measure L4-evoked synaptic conductances, we made recordings in
voltage clamp using normal Ringer’s with 50 mM APV (Tocris Bioscience),
and Cs gluconate internal with 5 mM BAPTA (Sigma-Aldrich). Mean Rseries
and Rinput were 10.8 ± 0.4 MU and 401 ± 22 MU. As before, excitatory-
response thresholdwas the stimulus intensity necessary to evoke a discernible
EPSC in a L2/3 pyramidal cell without failures. An average L4-evoked PSC
(6–10 repetitions, 10 s interval) was measured at 1.2 3 excitatory-response
threshold at 90, 68, 40, and 0mV holding potentials.
L4-evoked excitatory and inhibitory synaptic conductance was calculated
using publishedmethods (Wehr and Zador, 2003). First, total synaptic conduc-
tance (Gsyn) and the synaptic reversal potential (Erev) were calculated at each
time point by linear fit to the equation:
IsynðtÞ=GsynðtÞ3 ðVhold  ErevðtÞÞ:
Gi and Ge were then calculated based on the measured reversal potentials
for excitation (Ee = 0mV) and inhibition (Ei = 68mV):
GiðtÞ=GsynðtÞ3 ðEe  ErevðtÞÞðEe  EiÞ
GeðtÞ=GsynðtÞ GiðtÞ:
Ee and Ei were directly measured in separate voltage-clamp experiments
from pharmacologically isolated EPSCs (in 50 mM D-APV and 100 mM picro-
toxin) and IPSCs (in 50 mMD-APV and 10 mMDNQX). This calculation assumes
an isopotential neuron.Peak conductance was averaged in a 2ms window. Latency was calculated
relative to L4-stimulus onset, unless otherwise stated.
For experiments measuring the threshold Ge required to evoke 50% spike
probability in FS cells (Figure 5), L4-evoked EPSCs were recorded near the
reversal potential for inhibition. Ge was calculated at this single-holding poten-
tial, based on the driving force for excitation: Ge = I/(Vhold  Ee).
Intrinsic Excitability
Immediately after break in, Vrest was measured, and Rinput andmembrane time
constant were measured from the Vm response to a 500 ms negative-current
injection. The current-firing rate relationship was measured by injecting
500 ms depolarizing current in steps from rheobase (minimum current to elicit
at least one spike) to rheobase + 200 pA, in steps of 20 pA. Spike threshold was
determined at rheobase + 40 pA injected current as the prespike Vm at which
dV/dt > 10mV/ms.
Interneuron and Pyramidal Cell Classification
L2/3 pyramidal cells were identified by soma shape under differential interfer-
ence contrast optics. All suspected pyramidal cells showed regular spiking
patterns in current clamp and had dendritic spines in recovered biocytin
fills (12/12 neurons). Cells with nonpyramidal somata were classified as
RSNP or FS interneurons based on spike-frequency adaptation in response
to 500 ms current injection (Figure S1). Average spike-frequency adaptation
(aavg) was defined as the last interspike interval divided by the first interspike
interval, averaged over all spike trains in response to current injections from
rheobase to rheobase + 200 pA. FS interneurons were defined as cells with
aavg < 1.5 and RSNP cells were defined as having aavg > 1.5. All pyramidal cells
had aavg > 1.5. Of 16 FS cells that were recovered in biocytin reconstructions
with sufficient axonal staining for morphological classification, 11 were small
or nest basket cells and five were large basket cells. Of eight RSNP cells
recovered in biocytin reconstructions, two were small basket cells, four were
bipolar or bitufted cells, one was a large basket cell, and one was a neuroglia-
form cell, reflecting the heterogeneity of our electrophysiological classification
of RSNP cells.
Histological Reconstruction
In a subset of cells, biocytin immunostaining was performed as published
previously (Bender et al., 2003). Neurons were reconstructed using bright-field
imaging on an Axioskop 2 plus microscope (Carl Zeiss, Thornwood, NY) and
Neurolucida software (Microbrightfield, Williston, VT).
FS-PYR Cell Pairs
Connectivity was tested between FS and PYR cells with intersoma
distance <150 mm. FS and PYR cells were recorded with modified K gluconate
internal (2 mMKCl, 120mMKgluconate) with ECl =88mV. PYR Vmwasmain-
tained at 50mV using the ‘‘slow’’ current-clamp function of the Multiclamp
700B (at the 5 s setting). In each sweep (10 s isi), an FS spike was elicited
by a 3 ms current pulse (0.5–1 nA). Existence of a connection was evaluated
from 20–40 sweeps. uIPSP amplitude (defined as average amplitude in
a 10 ms window at IPSP peak), initial slope (first 4 ms), failure rate, and
coefficient of variation were measured from 30–40 sweeps. Failures were
defined as responses with amplitude <2 standard deviations above the
average baseline noise. Coefficient of variation was calculated from adjusted
variance (uIPSP amplitude variance noise variance measured in a prestimu-
lus window).
Statistics
Reported values are mean ± SEM unless otherwise noted. 95% confidence
intervals were generated by resampling the original distributions and applying
the bias-corrected percentile method (Efron and Tibshirani, 1991).
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